Each year, winemakers can face sluggish or stuck fermentations during wine making, especially when a spontaneous fermentation is performed, even if strains of the classical wine yeast Saccharomyces cerevisiae are applied. Problems are inevitable when low ammonium concentrations (<160 mg L −1 grape must) or an excess of fructose compared to glucose are observed during grape must fermentation. S. cerevisiae strains cannot use all kinds of amino acids as the sole nitrogen source but usually need free ammonium (optimal concentration: 600 mg L −1 grape must). It preferably consumes glucose, leading often to an excess of fructose in the fermenting must, which contains glucose and fructose in an equal ratio at the beginning of fermentation. Yeast hybrids have been isolated from wines several times and different strains are already commercially available. The united properties of the parent strains can provide advantages under sophisticated fermentation conditions. However, the involvement of a hybrid yeast for the rectification of fermentation disorders in spontaneous fermentations has only been described recently in the literature. Recent investigations have provided convincing evidence that fermentation problems can be overcome when must fermentations are successively performed with Saccharomyces bayanus strain HL 77 and the triple hybrid S. cerevisiae × Saccharomyces kudriavzevii × S. bayanus strain HL 78. The triple hybrid strain HL 78 uses amino acids as a nitrogen source in the absence of ammonium and it also exhibits a fructophilic character with an enhanced uptake of fructose in comparison to glucose. The application of genetically modified yeast strains is not allowed for starter cultures in wine making, but the usage of yeast mixtures and hybrid strains could be a promising tool for winemakers to solve fermentation problems during spontaneous fermentation or for the creation of novel wine types with desired sensory characteristics under more challenging conditions, especially when the composition of the must components is not optimal because of, e.g., critical climatic or soil conditions.
Introduction
In publications about the history of wine making, McGovern [1, 2] and Kupfer [3, 4] provided convincing indications that cultures of vines and wine making were established between 6000 and 8000 BC in regions between the Black Sea and the Caspian Sea and also along the later Silk Road all the way to China. Successively, viticulture spread via different countries of Asia Minor and northern Africa. It arrived in about 1000 BC in southern European countries such as Italy, France, and Spain. In the end, wine production was well established in more northern and eastern parts of Europe around 1000 AD. Today, the most common vine variety around the earth is Vitis vinifera L. subsp. vinifera. This variety arose from the Eurasian wild form of Vitis vinifera L. subsp. sylvestris.
Wine production has a long tradition and has been a part of human culture for thousands of years. Despite this fact, deeper insights into the microbiology and biochemistry of the conversion of the sugars in grape must to ethanol and into other accompanying biochemical reactions were obtained only since the 19th century. In the times before, the art of wine making had been further developed mostly empirically from generation to generation. Fundamental scientific investigations about biochemical transformations during wine making started not before the end of the 18th century and in the course of the 19th century [5] [6] [7] [8] [9] . Although, Saccharomyces cerevisiae likely played the most important role in wine fermentation from the beginning of viticulture [10] , it was not before 1883 that the first pure yeast culture was obtained by Emil Christian Hansen. Originally, these isolates were used for beer production, while around the year 1890, Hermann Mueller-Thurgau also introduced yeast starter cultures to wine making. Only since the 1930s have commercial liquid cultures of yeasts been available as starter cultures for the inoculation of must, which were commonly used after the Second World War.
The variety of microbes growing in fermenting must is limited to three groups of ethanoland acid-tolerant microorganisms, namely, yeasts, lactic acid bacteria, and acetic acid bacteria [11] . From grapes, must, and wine, more than 100 yeast species belonging to 49 genera have been isolated and characterized [12] [13] [14] [15] . The classical wine yeast S. cerevisiae and the so-called wild yeasts (non-Saccharomycetes) are involved in the conversion of must into wine. The varieties and succession of yeast species during the fermentation of a certain must sample have a significant impact on the specific sensory profile of the produced wine. Compared to the known wine-related yeasts species, the variety of bacterial species is lower. Around 25 species of wine-related lactic acid bacteria have been obtained in pure culture. They belong to the genera Lactobacillus, Leuconostoc, Oenococcus, Pediococcus, and Weissella [16] . In addition, 23 acetic acid bacteria have been detected on grapes, in must, and in wine, which belong to the genera Acetobacter, Amayamea, Asaia, Gluconacetobacter, Gluconobacter, Komagateibacter, and Kozakia [17] . Molecular biology methods and next-generation sequencing approaches have been applied to examine and quantify the diversity and genetic variations as well as sources and roles of wine-related microorganisms. This knowledge is also helpful for the development of novel starter cultures [18] [19] [20] [21] .
Up to now, a relatively broad knowledge of the diversity, succession, and physiological and biochemical activities of wine-related microorganisms has been acquired. Mainly, the yeast species S. cerevisiae and the two bacterial species Oenococcus oeni or Lactobacillus plantarum are commercially available and applied for alcoholic and malolactic fermentation, respectively. Despite the deeper microbiological and biochemical knowledge of the backgrounds of wine making, sluggish or stuck fermentations cause significant financial losses for winemakers each year. These unwanted observations stimulate investigations for more improved microbiological strains and novel procedures to circumvent the observed fermentation obstacles.
Today's Principal Procedures and Obstacles of Wine Making
In the last decades, the risk of sluggish or stuck fermentations has been significantly reduced by the commercial availability and application of selected strains of the classical wine yeast S. cerevisiae, especially when about 10 5 cells/mL are added by winemakers to start controlled fermentation. Today, a great variety of S. cerevisiae strains is offered by different companies for the production of wines with different sensory profiles. Because of the high titer of the starter yeast cells, wild yeasts have difficulties developing and fermentation can be carried out relatively reproducibly by starter cultures. While this procedure greatly reduces the risk of fermentation problems, the sensory profiles compared to a spontaneous fermentation are restricted and depend on the starter cultures used.
On the other hand, monitored fermentation is started spontaneously and selected yeast cultures are only added when fermentation problems are observed. Satisfying results can be obtained with optimized yeast strains or yeast mixtures. For this procedure, we isolated and selected yeast strains of S. cerevisiae from fermenting must in a certain vineyard in previous years. Harvested cells from grown fermenter cultures were then only added to sluggishly fermenting must in the same vineyard in order to continue and finish the fermentation. Compared to a solely spontaneous fermentation, by this method, relatively complex wines were also produced which met the special sensory requirements of the winemaker quite well (unpublished special service for certain wineries, provided by the Institute of Microbiology and Wine Research of the Johannes Gutenberg-University in Mainz, Germany).
For millennia, wines have been made by spontaneous fermentation, which is therefore the earliest form of must fermentation. In this case, the yeast strains present in the cellar or on the grapes enter the must and start the fermentation. At the beginning of the fermentation, the classical wine yeast S. cerevisiae is present only at a relatively low cell number. The first stage of a spontaneous fermentation is usually dominated by a mixture of some species of so-called wild yeasts. The indigenous wild yeasts, the classic wine yeast S. cerevisiae, and the local lactobacilli as well as acetic acid bacteria are involved in the microbial conversion of grape must into wine. Usually, when the ethanol concentration reaches about 4% to 7% (v/v), S. cerevisiae can overgrow the wild yeasts and also most of the bacterial strains in the fermenting must. The corresponding wines are often more complex and are more likely to meet the expectations of a particular terroir. The risk of fermentation problems, however, is obviously increased compared to controlled and monitored fermentations.
Despite the observed increased reliability of must fermentation by adding starter cultures of commercial yeast strains after grape pressing, winemakers, especially of the upper-quality segment, often favor spontaneous fermentation in order to produce more complex wines with a characteristic sensory profile distinctive for a certain winery or terroir. Of course, the sensory profile relies not only on multifactorial environmental and biological features, such as the grape variety and grape quality, the terroir (soil and climate), the conditions in the wine cellar, and the fermentation management, but also, without doubt, to a greater part on the added or indigenous microbiota. In the case of spontaneous fermentation, the bacteria and yeast composition in the fermenting must depends on the microorganisms on the grapes and in the cellar. However, it should be remembered that the risk of fermentation problems in the case of spontaneous fermentation is increased. Some reasons are well known to be responsible for fermentation problems. These include (a) heavily infected grapes, (b) low and fluctuating temperatures, (c) toxic and fungicidal compounds, (d) killer toxins, (e) ratio of glucose to fructose below 1:10, (f) deficiencies of nutrients such as vitamins or trace elements, (g) ammonium concentration below 120 mg/L, (h) pH values below 3.0, and (i) elevated polyphenol concentrations [22] [23] [24] [25] .
Ordinary attempts to overcome the observed fermentation problems are (a) adjustment of the temperature to 20 • C, (b) addition of yeast nutrients (diammonium hydrogen phosphate), (c) increase of the pH value, and (d) a reinoculation with yeast starter cultures possessing a high ethanol tolerance (e.g. sparkling wine yeasts). However, these measures frequently lead to a change in the initially targeted sensory profile, which is hardly compatible with the conceptions of winemakers in the upper-quality segments and their very special sensory expectations.
Suggested Efforts for More Sophisticated Wine Production

Application of Wild Yeasts and Yeast Mixtures
In general, wild yeasts are suggested to be suitable tools for wine tailoring. They can have an influence on low sulfite formation, reduction of copper content, reduction of ochratoxin A, reduced production of ethyl carbamate, low biogenic amine formation, reducing volatile acidity, alcohol reduction, modulation of acidity, increased glycerol content, modulation of aroma profiles, enhancing varietal aromas, mannoprotein release, and control of spoilage microflora [12, [26] [27] [28] .
When a spontaneous fermentation is started, the wild yeasts (non-Saccharomycetes) dominate in number compared to the classical wine yeast S. cerevisiae [12] . The growth of the non-Saccharomycetes is more sensitive to increasing sulfite and ethanol concentrations. Some of them, such as Torulaspora delbrueckii and Lachancea (Kluyveromyces) thermotolerans, require higher oxygen concentrations for optimal growth than S. cerevisiae. The reason is a different synthesis rate of unsaturated fatty acids under oxygen-limiting conditions [27, [29] [30] [31] [32] . Sometimes S. cerevisiae grows suboptimally in the presence of wild yeasts which already partly consume nutrients and growth-promoting substances such as sugars, trace elements, or vitamins. Non-Saccharomycetes can produce acetic acid, which is unfavorable for Saccharomycetes. Acetic acid can be sensed at a concentration of 0.6 g/L. The Old World and the New World wine regulations are quite different. Wine making is strictly ruled in the Old World The concentration of ethanol is reduced when this alcohol is partly oxidized and converted into the volatile compound acetic acid. Polysaccharide production by wild yeasts can lead to graisse at higher concentrations, while a positive mouth feeling is perceived at a certain concentration. Polysaccharides have an influence on the sensory properties of wines because of their interactions with wine and salivary proteins, tannins, tartrate, and aroma compounds [10] . Wines made with yeast strains that produce inherently higher levels of polysaccharides are naturally softer, have more body, and a better mouthfeel. Regular "batonnage" in this period can further stimulate the release of polysaccharides, which in turn will have a positive influence on the mouthfeel and body of the wine [33] [34] [35] . In addition, different fruit and unwanted aromas are caused by the formation of a large variety of esters.
When L. thermotolerans and Candida zemplinina grow in must, the glycerol content can be increased, which also has an influence on the mouth feeling. C. zemplinina can also lower the concentration of the acetic acid produced in must possessing a high sugar content. Members of the genera Debaryomyces, Hansenula, Candida, Pichia, and Kloeckera can produce aromatic and colored compounds (anthocyanins) from glycoconjugates. An inoculated mixture of Debaryomyces pseudopolymorphus and S. cerevisiae increased concentrations of terpenols such as citronell, nerol, and geraniol in Chardonnay wines [27] . After addition of C. zemplinina and Pichia kluyveri to a sample of a Sauvignon Blanc must, the concentration of sulfur-containing compounds, such as 3-mercaptohexan-1-ol (3MH) and 3-mercaptohexan-1-ol acetate (3MHA), was increased. Thioles contribute to the specific aroma of Sauvignon Blanc wines [27] . The yeast Wickerhamomyces anomalus can hydrolyze a series of glycosylated aroma precursors [36, 37] .
Wild yeasts are dominant in the first stage of the must fermentation. Members of the genera Hanseniaspora, Rhodotorula, Pichia, Candida, Metschnikowia, and Cryptococcus were often identified at the beginning of alcoholic fermentation [15, 27] . Wild yeasts can be divided into different physiological groups. Species of Pichia, Debaryomyces, Rhodotorula, and Candida prefer aerobic growth. Hanseniaspora uvarum (perfect form: Kloeckera apiculata), Hanseniaspora guilliermondii (perfect form: Kloeckera apiculata var. apis), and Hanseniaspora occidentalis (perfect form: Kloeckera javanica) have a low fermentation activity, while strains of Kluyveromyces marxianus, T. delbrueckii, Metschnikowia pulcherrima, and Zygosaccharomyces bailii exhibit increased fermentation activities [27, 38] .
In order to realize certain desirable aromas in wine, fermentation can be started by the addition of individual selected wild yeast species and then continued with a starter culture of the classical wine yeast S. cerevisiae in order to complete the fermentation. Wild yeast cultures and also yeast mixtures are already commercially available. For instance, Torulaspora delbrückii strains are offered under the designation "Oenoferm wild & pure". Some commercial cultures contain, in addition to S. cerevisiae wild yeasts (20-40%), for example, K. thermotolerans or T. delbrueckii. A mixed culture consisting of L. (K.) thermotolerans (20%), T. delbrueckii (20%), and S. cerevisiae (60%) is also available. The two known starter cultures Sihaferm PireNature or Level 2 TD are made up of T. delbrueckii and S. cerevisiae. In this case the must fermentation is started with wild yeast and then continued and completed with S. cerevisiae. Viniflora ® PRELUDE™ contains a Torulaspora starter culture which is added to the must at concentrations of 20 g/hL. The inoculated must is then kept at 7-10 • C for 4-7 days. At an ethanol concentration of 4-6 vol%, a Saccharomyces strain is added in the same amount after transfer of the fermenting must to a fermentation tank. The temperature is then increased. Finally, a surplus of malolactic acid can be biologically reduced with the lactic acid bacterium O. oeni.
Application of Hybrid Yeasts for Overcoming Fermentation Problems
During spontaneous fermentation, wine-related microbial species usually grow in succession. In the first stage of the fermentation, the so-called wild yeasts (non-Saccharomycetes) are multiplying. In the harvest years 2011 and 2012, the succession of the microorganisms in the course of the spontaneous fermentation of Riesling must in the winery Heymann-Löwenstein (lower Moselle, Germany) was investigated [39, 40] . The wild yeasts in a wine cask without fermentation problems belonged to the genera/species Candida pararuqosa, Saccharomycetes sp./Pichia membranifaciens, Saccharomycopsis crateagensis, Candida boidinii, Saccharomycetes sp., Aureobasidium sp., Metschnikowia sp., Metschnikowia chrysoperlae, Cryptococcus flavescens, C. zemplinina, P. kluyveri, and H. uvarum. Interestingly, in some barrels, wild yeast species survived at elevated levels of ethanol. Living cells of C. boidinii were found until end of fermentation. The genus Saccharomyces contains nine species [41] . Unexpectedly, the fermentation was not initiated by the classical wine yeast S. cerevisiae but rather by Saccharomyces bayanus [39] . Approximately 4 weeks after an observed stuck fermentation, the alcoholic fermentation was completed by the triple hybrid S. cerevisiae × Saccharomyces kudriavzevii × S. bayanus strain HL78. This hybrid possessed genome sequences of the three mentioned Saccharomyces species. The triple hybrid yeast strain HL 78 was not added to the must but grew in the background during the fermentation in the must. Therefore, strain HL 78 must have been already present in low cell numbers after fermentation started. The classical wine yeast S. cerevisiae was not able to grow in the investigated must because the temperature in the wine cellar was between 12 and 14 • C and the temperature in the wine cask reached only about 16 • C at the most. The different yeast strains of S. cerevisiae require more than 140 mg nitrogen/L for optimal growth [38, 39, 42] . In the investigations presented here, the available ammonium nitrogen decreased after starting the fermentation from 120 to 40 mg/L in a relatively short time [39] . It is well known that at low ammonium concentrations, the sugar uptake activity also decreases in the case of S. cerevisiae [38, 39] . In comparison to the classical wine yeast S. cerevisiae, S. bayanus can also grow better at low temperatures and low available ammonium concentrations. S. bayanus strain HL 77 and in particular the triple hybrid strain HL 78 are able to satisfy their nitrogen needs from amino acids or probably proteins, even at low concentrations and without free ammonium. As demonstrated by quantitative proteomics, higher protease activities were detected in the triple hybrid strain HL 78 compared to S. cerevisiae [40] . The triple hybrid HL 78 could uptake glucose and especially fructose at lower amino acid concentrations. In addition, the triple hybrid strain exhibits a fructophilic character, which is reflected in a higher uptake rate of radiolabeled fructose compared to glucose [43] .
The hybrid S. cerevisiae × S. kudriavzevii was described by González et al. [44] . The combined characteristics of both parents may be advantageous under certain fermentation conditions. The hybrid is tolerant against high ethanol concentrations and high osmolarity, which is a characteristic feature of S. cerevisiae. The tolerance against cool temperatures is a feature of S. kudriavzevii. Yeast hybrids have been isolated in Europe by several authors [45] [46] [47] , although the strains of S. kudriavzevii known so far have been isolated from decaying leaves in Japan [48] and from oak bark samples in Portugal [49] . However, the involvement of a hybrid yeast for the elimination of fermentation disorders in spontaneous fermentations has not been mentioned in the literature so far.
Discussion
For a few thousand years, must has been fermented spontaneously without the knowledge of the specific physiological and biochemical activities of the involved microorganisms. Therefore, progress in the art of wine making was only gained empirically. In the second half of the last century, spontaneous fermentations were largely successively replaced by the application of selected starter cultures of S. cerevisiae, leading to regular use since the 80s of the last century by many winegrowers and cooperatives.
The available improved scientific and practical knowledge led to considerable progress in wine growing and vinification in the last decades. The application of more selected yeasts and methods enables a much more defined control of the fermentation process. The application of molecular biology identification methods and the sequence analysis of nucleic acids have shown that diverse yeast strains occur in the different wine-growing regions which enable the use of region-specific starter cultures after isolation of pure strains [50] [51] [52] [53] . Probably occurring fermentation problems during a spontaneous fermentation can thus be remedied by the subsequent addition of terroir-specific yeast strains without the need to accept major changes in the desired flavor profile. Moreover, a partial imitation of spontaneous fermentation is now possible by the use of isolated and selected strains of wild yeasts.
Strategies for the targeted genetic modification of yeasts can in principle be worked out or have already been described [54, 55] in order to produce yeast strains with certain desired properties. However, genetically modified yeasts are not authorized for wine making in Europe or Australia. The recognition of safe (GRAS) in the United States applies only for two strains (ML01 and 533EC). Yeast starter cultures can be furthermore improved by selecting certain strains by evolutionary in vitro adaptation or by the production of hybrids. The so-called "evolutionary in vitro adaptation" is performed by a slow change of the culture conditions during several months. A fructophilic yeast was obtained from a normal S. cerevisiae isolate by slowly shifting the glucose/fructose ratio towards fructose (Pfeiffer, P.; König, H. unpublished results).
Several yeast hybrid strains are already commercially available. Here, only some examples can be given: strain "Oenoferm ® X-treme" is a GMO-free hybrid yeast obtained from the protoplast fusion of two different S. cerevisiae strains; strain "Cross Evolution" is a natural cross hybrid between S. cerevisiae yeasts; strain NT 202 is a product of the yeast hybridization program; strain S6U is a hybrid of S. cerevisiae × S. bayanus; and strain VIN7 is an allotriploid interspecific hybrid of a heterozygous diploid complement of S. cerevisiae chromosomes and a haploid S. kudriavzevii genomic contribution [56] .
In the future, the art of wine making includes the simultaneous or sequential use of different strains of S. cerevisiae as in the past, but defined mixtures of different species of Saccharomycetes and non-Saccharomycetes will also be used more generally. This will enable quite different wine styles. The future belongs to well-trained creative winemakers who can handle the different protocols with varying compositions of starter cultures to stimulate the microbe orchestra to new sounds.
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